In this study, thermal resistances of horizontal cylinders with triangular fins were measured in regard to fin numbers, fins heights, and temperature differences. Thereafter, an empirical correlation was proposed and validated for predicting the Nusselt numbers under the following conditions: Rayleigh number, 200,000-1,000,000; fin aspect ratio, 1.6-5.0; and fin number, 9-72. Finally, with the proposed correlation, the effects of fin numbers, fins heights, and fin thicknesses on the thermal resistances of the horizontal cylinders with triangular fins were investigated. It was shown that the thermal resistance generally increases as the fin number, fin height, and fin thickness increase. It is expected that horizontal cylinders for various cooling devices with triangular fins can be designed based on the findings of the present study.
Introduction
Because of the demands for more powerful and compact energy systems, current energy systems are experiencing a rapid increase in their heat loads [1, 2] . As a result, cooling devices for energy systems have become essential, because system temperatures can become excessively high if heat is not dissipated through proper cooling devices. Additionally, high temperatures are detrimental to the performance and reliability of these systems. For example, in the case of light emitting diode (LED) lightings, the light outputs decrease with increasing diode temperatures, the light colors change undesirably at high temperatures, and diodes can deteriorate irreversibly at high temperatures [3] [4] [5] [6] [7] . Therefore, LED lightings also require appropriate cooling devices. Various cooling devices have been proposed, among which, extended surfaces under natural convection have been widely used [8, 9] . This is because they are intrinsically robust and cost effective and, in particular, moving parts are not required for them.
Therefore, many extant studies have focused on extended surfaces under natural convection. In particular, as summarized in Table 1 , there have been several research works on extended surfaces on horizontal cylinders [10] [11] [12] [13] [14] [15] [16] [17] . Among them, cylinders with triangular extended surfaces have generally been used for cooling LED lightings because their shape is well matched with common LED bulbs. However, there are only a few studies on horizontal cylinders with triangular fins. Kwak et al. included results on horizontal cylinders with triangular fins when they investigated the effects of installation angles on thermal resistances of cylinders with triangular fins [17] . However, they did not focus on horizontal cylinders with triangular fins, and only one triangular-finned horizontal cylinder with a fixed height, fixed fin number, and fixed heat flux was experimentally investigated to validate their numerical model. Therefore, to the best of our knowledge, intensive experimental research work on horizontal cylinders with triangular plates has not been systematically conducted. In this study, horizontal cylinders with triangular fins under natural convection were experimentally investigated by extending our recent research works on vertical cylinders with triangular fins [18, 19] . The thermal resistances of the horizontal cylinders with triangular fins were measured in regard to fin numbers, fins heights, and temperature differences, Thereafter, an empirical correlation was proposed and validated to predict the Nusselt numbers under the following conditions: Rayleigh number, 200,000-1,000,000; fin aspect ratio, 1.6-5.0; and fin number, 9-72. Finally, with the proposed correlation, the effects of fin numbers, fins heights, and fin thicknesses on the thermal resistances of the horizontal cylinders with triangular fins were investigated.
Experimental Procedure
In this study, finned cylinders with three different fin heights and five different fin numbers were made and tested. The schematic diagram and the dimensions of the finned cylinders are shown in Figure 1 and Table 2 , respectively. Large plates of aluminum 5052 alloy (k s = 138 W/(m K)) were cut into triangular fins by laser cutting. Thick tubes of aluminum 6061 alloy (k s = 167 W/(m K)), slits that could fit fins were made. Finned cylinders were then fabricated by interference fitting of the fins and the tubes (Figure 2 ). To measure the surface temperatures of the finned cylinders, T-type thermocouples were attached at four points around the cylinder. To heat the finned cylinders, a cartridge heater was inserted into the tubes. Thereafter, the finned cylinders with thermocouples and heaters were laid horizontally. The top and bottom sides of the finned cylinders were blocked using a long Teflon cylinder to minimize the heat dissipation through the top and bottom sides of each finned cylinder (Figures 3  and 4 ). The finned cylinders were then heated by applying a constant power to the heater from a power supply (E3633A, Agilent Technologies, Santa Clara, CA, USA). The amount of power supplied varied from 1 W to 10 W. The thermocouples were connected to the data acquisition board (34970A, Agilent Technologies, Santa Clara, CA, USA) and received data on the surface temperatures of the heated finned tubes. The ambient air temperature was also measured. Experiments were conducted in a room without air flow. The finned cylinders were heated long enough to allow them to reach a steady state, and then the temperatures were measured. In addition, it was confirmed that the temperature change was less than 0.2 K for 3 min. After finishing the experiments, the uncertainty analysis was conducted (Appendix A). It was based on the uncertainty analysis presented in Lee et al. [18] . 
Results and Discussion
For various finned cylinders, the results of the measured temperature differences between the cylinder surface and ambient air for various heat inputs are shown in Figure 5 and Table 3 . The thermal resistances were also calculated and are presented in Figure 6 and Table 3 , because the thermal performance can be quantified by using the concept of thermal resistance. The thermal resistance is defined as the difference between the cylinder surface temperature and the ambient temperature per unit heat input.
In Equation (1), R, T c , T sur , and q are the thermal resistance, cylinder surface temperature, ambient temperature, and heat input, respectively.
In this study, an experimental correlation for the Nusselt number was developed using the calculated values of the thermal resistances. For this, the Nusselt numbers were calculated from the thermal resistances using Equation (2) below, which is the relationship between the thermal resistance and the Nusselt number.
In Equation (2), h, A, D, Nu D , and k f are the heat transfer coefficient, effective surface area, cylinder diameter, Nusselt number, and fluid thermal conductivity, respectively. The effective surface area is given as
where A b , A f , η, and N are the unfinned base area, fin surface area, fin efficiency, and fin number, respectively, and are given as
In Equations (3)- (5), L, H, t, and k s are the cylinder length, fin height, fin thickness, and solid thermal conductivity, respectively. Equation (6) was obtained from the analysis presented in Lee et al. [18] (Appendix B). The calculated Nusselt numbers are also listed in Table 3 . To create an empirical correlation that expresses the Nusselt number as a function of the fin number, fin height, and temperature difference, the measured Nusselt number was fitted with polynomial functions of various degrees in these variables. As can be easily predicted, a higher degree of polynomial function corresponded to a higher accuracy in the fitting. It was found that the fitted function has satisfactory accuracy when the number of degrees is 2. As a result, the Nusselt number correlation is given as follows. 
In Equation (7), the Rayleigh number (Ra D ) and the ratio of the fin height to the cylinder diameter (H/D) are used as the dimensionless temperature difference and dimensionless fin height, respectively. The Rayleigh number is defined as
In Equation (8), g, β, ν, and α are the gravitational acceleration, volume expansion coefficient of fluid, kinematic viscosity of fluid, and thermal diffusivity of fluid, respectively. For calculating these values, air properties at a temperature of 30 • C were used.
In Figure 7 , the Nusselt numbers predicted by the correlation and the measured Nusselt numbers were compared with each other. As shown in the figure, the predicted values and measured values agree well within a relative error of 10%.
To illustrate the trends of the Nusselt number and demonstrate the degree of accuracy of the correlation, the Nusselt numbers for various fin numbers are shown in Figure 8 , and the Nusselt numbers for various fin heights are shown in Figure 9 . As shown in the figure, the Nusselt number decreases as the fin number increases. In the case of natural convection, buoyant force is generated as the air around the finned cylinder heats up, and heat is convected away by the air flow driven by the buoyant force. As the fin number increases, the space between the fins becomes narrower and it becomes difficult for the heated air between the fins to flow out, thereby reducing the Nusselt number. Furthermore, as shown in the figure, the Nusselt number decreases as the fin height increases, which is due to the fact that it becomes difficult for the hot air between the fins to flow out as the fin height increases. In Figures 10-13 , several trends of thermal resistances are examined. The thermal resistances for various fin numbers are shown in Figure 10 . As can be seen from the figures, the thermal resistance generally decreases with an increase in fin number. To better understand the reason for this tendency, the Nusselt number, effective surface area, and thermal resistance are presented as functions of fin numbers using the correlation in Figure 11 . As can be seen in the figure, and as described above, the Nusselt number decreases with an increase in fin number. However, as the fin number increases, the effective surface area increases as well. The thermal resistance is inversely proportional to the Nusselt number and inversely proportional to the effective surface area of the finned cylinder. As the number of fins increases, the effective surface area increases sharply, while the Nusselt number decreases gradually. As a result, the thermal resistance decreases with an increase in fin number. The thermal resistances for various fin heights are shown in Figure 12 . As can be seen from the figure, the thermal resistance generally decreases with an increase in fin height. This is because the effective surface area increases sharply as the fin height increases, while the Nusselt number decreases gradually, as shown in Figure 13 . In addition, the thermal resistances for various fin thicknesses are obtained using the correlation in Figure 14 . As the fin thickness increases, the thermal resistance tends to increase. The results shown in Figures 10-14 can be summarized as follows: in the range where the experiment is conducted, as the fin number, the fin height, and the fin thickness increase, the thermal resistance decreases, in general.
The effect of the orientation of the finned cylinder on the thermal resistance is shown in Figure 15 . Figure 15 shows the ratios of the thermal resistances of inverted vertical cylinders with triangular fins, R ver,inv , to those of horizontal cylinders with triangular fins, R hor , for various fin heights, fin numbers, and Rayleigh numbers. These ratios are above 1 when finned horizontal cylinders have lower resistances, and these ratios are less than 1 when inverted vertical cylinders with triangular fins have lower resistances. In Figure 15 , R hor is calculated from the proposed correlation, and R ver,inv is obtained from experimental data in Kang et al. [19] . In the majority of cases shown in Figure 15 , finned horizontal cylinders have lower resistances. The reason why finned horizontal cylinders have lower resistances can be explained as follows: as shown in Figure 16 , if only the two sides of the cylinder base are insulated, the finned horizontal cylinder generally cannot have a lower thermal resistance than the finned vertical cylinder. In this case, as presented in Jang et al. [15] , the fins on the horizontal cylinder block the upward buoyant flow, and stagnation points and flow separation appear. In contrast, the fins on the vertical cylinder do not block the upward buoyant flow, and stagnation points and flow separation do not appear. As a result, the finned horizontal cylinder generally should have a higher thermal resistance than the finned vertical cylinder. However, in the present study, as shown in Figure 17 , not only the sides of the cylinder base, but also one side of the fins, is blocked and insulated.
In this case, the buoyant flow around the finned vertical cylinder is significantly impeded by the upper insulating block. This is because the flow must move horizontally before it can ascend from the edge of the upper insulating block. As a result, convection heat transfer from the finned vertical cylinder becomes ineffective. In contrast, the buoyant flow around the finned horizontal cylinder shown in Figure 17 is not impeded by the insulating block. Therefore, convection heat transfer from the finned horizontal cylinder is almost not affected by the insulating block. As a result, the finned horizontal cylinder can have a lower thermal resistance than the finned vertical cylinder. In other words, in cases where buoyant flow around the finned vertical cylinder is significantly impeded by the insulating block, the finned horizontal cylinder can have a lower thermal resistance than the finned vertical cylinder. However, it should be noted that, in the minority of cases shown in Figure 15 , the finned horizontal cylinder has a higher resistance than the finned vertical cylinder if the effect of the insulating block on natural convection is small. According to the results shown in the figure, the negative effect of the insulating block tends to be reduced as the Rayleigh number increases. Figure 18 shows the ratios of the thermal resistances of normal vertical cylinders with triangular fins, R ver,nor , to those of horizontal cylinders with triangular fins, R hor , for various fin heights, fin numbers, and Rayleigh numbers. In Figure 18 , R hor is calculated from the proposed correlation, and R ver,nor is obtained from experimental data in Lee et al. [18] . In the majority of cases shown in Figure 18 , finned horizontal cylinders have lower resistances. 
Conclusions
In this study, the thermal resistances of horizontal cylinders with triangular fins were measured in regard to fin numbers, fin heights, and temperature differences. Thereafter, an empirical correlation was proposed and validated to predict the Nusselt numbers under the following conditions: Rayleigh number, 200,000-1,000,000; fin aspect ratio, 1.6-5.0; and fin number, 9-72. Finally, with the proposed correlation, the effects of fin numbers, fin heights, and fin thicknesses on the thermal resistances of the horizontal cylinders with triangular fins were investigated. It was shown that the thermal resistance generally increases as fin number, fin height, and fin thickness increase. It is expected that horizontal cylinders with triangular fins can be designed for various cooling devices based on the findings of the present study.
